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ABSTRACT
We have used Sloan Digital Sky Survey-III (SDSS-III) Apache Point Observatory Galactic Evolu-
tion Experiment (APOGEE) radial velocity observations in the near-infrared H-band to explore the
membership of the nearby (86.7± 0.9 pc) open cluster Coma Berenices (Melotte 111), concentrating
on the poorly-populated low-mass end of the main sequence. Using SDSS-III APOGEE radial ve-
locity measurements, we confirm the membership of eight K/M dwarf members, providing the first
confirmed low-mass members of the Coma Berenices cluster. Using R ∼ 2000 spectra from IRTF-
SpeX, we confirm the independently luminosity classes of these targets, and find their metallicities
to be consistent with the known solar mean metallicity of Coma Berenices and of M dwarfs in the
Solar neighborhood. In addition, the APOGEE spectra have enabled measurement of v sin i for each
target and detection for the first time of the low-mass secondary components of the known binary
systems Melotte 111 102 and Melotte 111 120, as well as identification of the previously unknown
binary system 2MASS J12214070+2707510. Finally, we use Kilodegree Extremely Little Telescope
(KELT) photometry to measure photometric variability and rotation periods for a subset of the Coma
Berenices members.
Subject headings: binaries: spectroscopic, stars: late-type, techniques: spectroscopic, techniques: ra-
dial velocities, techniques: photometric, open clusters and associations: individual
(Coma Berenices)
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Star clusters are invaluable astrophysical laboratories
and nearby open clusters in particular provide a wealth of
information about stellar evolution and dynamics. Con-
straints on cluster compositions and ages can be lever-
aged to inform understanding of the formation and evo-
lution of stellar binary systems. The measurement of
the frequencies and mass ratios of binary systems in
clusters, which have a common age and history, can
clarify how different dynamical processes contribute to
their development (Ducheˆne & Kraus 2013, and refer-
ences therein). A similar process can be brought to
bear on questions about the formation and evolution
of planetary systems. Currently, there are seven clus-
ter members known to host planets (Sato et al. 2007;
Lovis & Mayor 2007; Quinn et al. 2012; Meibom et al.
2013; Quinn et al. 2013), and there are indications that
small planets may be as frequent within clusters as in
the field (Meibom et al. 2013).
Nearby clusters have also played a large role in refin-
ing the distance scale, for example, through comparisons
between parallax measurements and stellar model-based
isochrone fitting. The most famous example of this is
the Pleiades, for which a significant discrepancy persists
between Hipparcos parallax measurements on one hand
(van Leeuwen 2009), and model-based distance measure-
ments from isochrone fitting (e.g. Pinsonneault et al.
1998; Percival et al. 2005) and eclipsing binaries (e.g.
Southworth et al. 2005) on the other. As new parallax
measurements are obtained and stellar models are devel-
oped, nearby clusters will remain crucial anchors for the
distance ladder and the understanding of stellar evolu-
tion and structure.
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Confirmed new cluster members of nearby clusters are
also prime targets for high contrast imaging searches tar-
geted at detecting massive exoplanets. Knowledge of the
age of the system is essential to translate the luminosity
of the detected planet candidates into planetary mass.
Surveying young stellar systems with known ages (i.e.
cluster members) can help avoid ambiguities in the in-
terpretation of companion mass (see e.g. Carson et al.
2013; Hinkley et al. 2013).
The Coma Berenices cluster (Coma Ber, Melotte 111,
αJ2000 = 12
h23m, δJ2000 = +26
◦00′) is among the near-
est open clusters. At 86.7± 0.9 pc (van Leeuwen 2009),
Coma Ber is farther than the Hyades (45 pc) but closer
than Praesepe (180 pc); its age of ∼ 500 Myr is similar
to that of the Hyades (τHyades ∼ 600 Myr) and Prae-
sepe (τPraesepe ∼ 500 Myr) clusters (Kharchenko et al.
2005). However, with . 100 known or suspected mem-
bers, Coma Ber is substantially sparser than these other
two clusters, which each contain several hundred mem-
bers.
Historically, discovery and verification of members of
Coma Ber has been challenging due to its sparsity and
its low proper motion (PM) (14.9 mas yr−1). Trumpler
(1938) identified 37 of the highest-mass Coma Ber mem-
bers, but subsequent work has only revealed a small
number of additional members (Argue & Kenworthy
1969; Bounatiro 1993; Odenkirchen et al. 1998). The
most recent photometric and PM studies (Casewell et al.
2006; Kraus & Hillenbrand 2007) present many high-
probability candidate members, but do not confirmmem-
bership with radial velocities (RVs).
The low-mass end of the main sequence of Coma
Ber is currently poorly constrained, since the targets
are optically faint. The list of confirmed members
includes only a few early K dwarfs (Mermilliod et al.
2008) and no M dwarfs, although Kraus & Hillenbrand
(2007) presented 76 M dwarfs and 43 K dwarfs with
high membership probability based on PMs and pho-
tometry. These low-mass members are of particu-
lar importance to studies of cluster dynamics, as low-
mass stars are expected to be the first to evapo-
rate from a cluster. In Coma Ber, the uncertainty
whether the low mass members have evaporated or
were simply undiscovered has motivated several PM
and RV searches (Casewell et al. 2006; Mermilliod et al.
2008; Melnikov & Eislo¨ffel 2012). A search for low-
mass members identified through X-ray emission also
yielded no confirmed members (Randich et al. 1996;
Garc´ıa Lo´pez et al. 2000).
In this study we use the R ∼ 22, 500, multi-
plexed, H-band (1.5–1.8µm) Apache Point Observa-
tory Galactic Evolution Experiment (APOGEE) spec-
trograph (Allende Prieto et al. 2008; Wilson et al. 2010),
which is a part of the Sloan Digital Sky Survey-III
(SDSS-III; Eisenstein et al. 2011) on the 2.5 m SDSS
telescope (Gunn et al. 2006), to provide RV confirmation
of eight low-mass members of Coma Ber. These members
include six previously-suspected M dwarf members, one
new K/M dwarf member, and one new K/M dwarf bi-
nary member. We also derive double-lined spectroscopic
binary orbits for two previously known binary members
and the new K/M dwarf binary member. These M dwarfs
are the first low-mass stars to be verified as members of
the Coma Ber cluster with RVs. In Section 2 we describe
the APOGEE observations, in Section 3 we describe the
target selection, in Section 4 we describe further char-
acterization we performed, and in Section 5 we discuss
the characteristics and significance of the new M dwarf
members of Coma Ber.
2. SDSS-III APOGEE OBSERVATIONS
The spatial region of the Coma Ber cluster was specif-
ically targeted by APOGEE as part of its main Galactic
survey. Although a single APOGEE pointing (field of
view diameter = 3◦) cannot encompass the full 7.5◦ di-
ameter of Coma Ber, it does cover a significant fraction
of the cluster. The SDSS-III Data Release 10 (DR10)
dataset (Ahn et al. 2013)18, which presents the first year
of APOGEE survey data, contains 385 targets in the
Coma Ber field (APOGEE field name 221+84, plate IDs
5621, 5622) (Zasowski et al. 2013). This list of targets
includes those presented by Kraus & Hillenbrand (2007)
and those presented by Casewell et al. (2006), and the se-
lection process is detailed in P. M. Frinchaboy et al. (in
preparation) and Zasowski et al. (2013). The number of
visits for each target in the Coma Ber field ranges from
one to six, with the majority having three, and these
targets were observed between January and March 2012.
The APOGEE DR10 dataset is a product of the
APOGEE extraction pipeline (D. L. Nidever et al.
in preparation) and the APOGEE Stellar Parame-
ters and Chemical Abundances Pipeline (ASPCAP;
Me´sza´ros et al. 2013, M. Shetrone et al., in preparation;
A. E. Gar´ıca Pe´rez et al., in preparation). The extraction
pipeline provides spectra that are wavelength calibrated,
telluric-corrected, and masked of strong sky lines. The
spectra span the range 1.514–1.696µm, with two spec-
tral gaps corresponding to the physical gaps between the
detector arrays. The combined spectra for all targets in
this paper have a signal-to-noise ratio (SNR) > 100 per
half-resolution element.
For each target star, the APOGEE pipeline determines
an array of stellar parameters, including Teff , log(g),
and a variety of preliminary elemental abundance val-
ues. These parameters are based on a global fit with
a wide range of stellar models (Me´sza´ros et al. 2012).
The APOGEE pipeline also provides barycentric RVs
based on cross-correlations with a large variety of tem-
plate spectra. This iterative process and the χ2 template
selection are described in detail in D. L. Nidever et al. (in
preparation).
3. TARGET SELECTION: PROPER MOTIONS, RADIAL
VELOCITIES, AND PHOTOMETRY
The mean PM of Coma Ber is (µα cos δ, µδ) =
(−11.5,−9.5) mas yr−1 (Kraus & Hillenbrand 2007),
and is not sufficiently different from the background pop-
ulation to provide a strong indicator of cluster member-
ship by itself. However, PM remains a useful constraint
for eliminating Solar neighborhood field stars and we fol-
low Kraus & Hillenbrand (2007) in selecting targets with
PMs within 20 mas yr−1 of the cluster mean. We drew
PMs for the Coma Ber targets by cross-referencing with
both the Position and Proper Motion Extended-L (PP-
MXL) catalog (Roeser et al. 2010) and the USNO CCD
18 http://www.sdss3.org/dr10/
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Astrograph Catalog 4 (UCAC4) (Zacharias et al. 2013).
Of the 385 targets in the APOGEE Coma Ber field, 177
satisfy the PM requirement above according to both the
PPMXL and UCAC4 catalogs. The distribution of PMs
is shown in Figure 1.
The APOGEE reduction pipeline provides barycen-
tric RVs, derived by cross correlation against spectral
templates. For the lowest-mass dwarfs, the BT-Settl
(Allard et al. 2012) model spectra are used as tem-
plates. For single stars with good SNR, D. L. Nide-
ver et al. (in preparation) compare APOGEE RV mea-
surements to literature measurements for globular clus-
ter targets with accurate RVs to determine that the
APOGEE RV accuracy is ∼ 0.26 ± 0.2 km s−1. For
the Coma Ber targets, we also compare the APOGEE
RVs to those measured with the CORAVEL spectro-
graph (Mermilliod et al. 2008). A total of 13 tar-
gets were observed with both APOGEE (DR10) and
CORAVEL, excluding known binaries, and we find the
mean velocity offset is 〈RVAPOGEE−RVMermilliod+2008〉 =
−0.602 km s−1, with an error in the mean of 0.116 km s−1
(σ = 0.417 km s−1). The RV offsets for these targets
are shown in Figure 2. Mermilliod et al. (2008) report
RVs for Coma Ber in the ELODIE RV system defined
by Udry et al. (1999), which has been compared to the
Keck/Lick planet search RV system by Nidever et al.
(2002).
Ongoing work by another APOGEE ancillary science
team indicates the possibility of a ∼ 2 km s−1 system-
atic redshift for the coolest dwarfs (Teff < 3500 K) (Cot-
taar, M. and Covey, K. 2013, private communication) in
RVs derived from the BT Settl model spectra, hints of
which are also seen in RVs derived with BT Settl tem-
plates from spectra observed with NIRSPEC on Keck
(Bender et al. 2005). This apparent shift is not present
for stars with Teff > 3500 K (e.g. in Figure 2) and is
present across the H-band, indicating a possible system-
atic effect in the coolest BT Settl models. This apparent
shift is relevant to the new Coma Ber members presented
here, and motivates a careful consideration of the upper
RV limit taken to confirm cluster membership for the
coolest stars. To ensure that the RVs provided here are
traceable back to the SDSS-III DR10 public release, we
do not correct the measured RVs, but account for this
apparent shift in our selection criteria described below.
For each target in the Coma Ber field, we examine the
average RV over all epochs as reported in the APOGEE
catalog. To identify possible binary targets for which
these average RVs might be incorrect, we examine the
σRV over all epochs and the visual shape of the cross-
correlation function measured by the APOGEE pipeline.
Targets with asymmetric cross-correlation functions or
σRV & 0.3 − 0.4 km s
−1 are flagged as potential binary
targets.
Mermilliod et al. (2008) find a mean barycentric RV
for Coma Ber of 〈Vr〉 = 0.01 ± 0.08 km s
−1, and elect
to use a membership criterion of −2 < RV < 2 km s−1
for their CORAVEL measurements. Given the lack of
extensive heritage of the zero-points from APOGEE ve-
locities spanning all spectral types and the offset from
the ELODIE RV system, we impose a membership cri-
terion of at least −3 < RV < 3 km s−1, to ensure that
we include most bona fide cluster members. To account
for the possible RV shift for stars with Teff < 3500 K de-
tailed above, we conservatively increase the upper limit
by 1 km s−1, resulting in a final RV membership crite-
rion of −3 < RV < 4 km s−1. There are 59 targets in
the entire dataset which satisfy this RV condition; 28 of
these also satisfy the PM criteria described above. These
targets are shown in Figure 1.
Of the 28 stars that satisfy the RV+PM criteria, 16 do
not have the STAR BAD ASCAP flag19 set and therefore
have acceptable S/R, model fit, and parameters that are
within the ASPCAP grids (particularly Teff > 3500K).
Five of these 16 stars have 4500K < Teff < 5000 K and
2.6 < log(g) < 3.5. Since these are likely giants, we
do not include them in our list of candidate Coma Ber
members. Four of these five stars are also excluded from
cluster membership by the photometric criteria below.
This leaves 23 candidate stars that satisfy the RV+PM
criteria and do not have known low gravity.
Three known single-lined spectroscopic binary
(SB1) members of Coma Ber were observed by
APOGEE: Tr 120 (2MASS J12260547+2644385), Tr
102 (2MASS J12234182+2636054), and Tr 97 (2MASS
J12230840+2551049) (Mermilliod et al. 2008). The
pipeline RVs easily identified each of these as highly
RV variable targets even with only three epochs each.
The σRV values for these targets are 7.22 km s
−1,
4.21 km s−1, and 30.89 km s−1 respectively; these values
differ significantly from the usual APOGEE scatter of
0.1 - 0.5 km s−1. Since these objects are spectroscopic
binaries, the average RVs reported by the APOGEE
pipeline are inaccurate, but we include them in our
Coma Ber list because their systemic (γ) velocities have
previously been measured and confirm their membership
in Coma Ber (Mermilliod et al. 2008). Thus we find 26
RV + PM + log(g) candidate members.
The final criterion we applied to identify members
of Coma Ber was photometric. We compared the po-
sitions of the targets to Dartmouth Stellar Evolution
Program (DSEP, Dotter et al. 2008) and Yale-Yonsei
(YY, Spada et al. 2013) isochrones (T = 500 Myr and
d = 86.7 pc) in (V − Ks, J), (V − Ks, V ), J − H, J ,
and J −Ks, J color-magnitude diagrams (CMDs). The
temperature sensitivity of V −Ks enables discrimination
of cluster members in both color and magnitude in the
V −Ks CMDs, and while the isochrones are nearly verti-
cal in the infrared CMDs, they demonstrate that the in-
frared photometry is at least consistent with the V −Ks
CMDs. The infrared J , H, andKs magnitudes are drawn
from the 2MASS (Skrutskie et al. 2006) point source cat-
alog and the V magnitudes are from the AAVSO Pho-
tometric All Sky Survey and compiled in the UCAC4
catalog. Three of the low-mass targets (target IDs 0,
3, and 4 below) did not have V magnitudes reported in
UCAC4, so for V and V −Ks we instead use an estimated
V based on a third-order polynomial fit to the relation-
ship between V −Ks and A−K for the stars presented
as likely Coma Ber members in Kraus & Hillenbrand
(2007), where A is the aperture magnitude reported in
UCAC4. This fit and the three estimated V − Ks col-
ors are shown in Figure 3. For the following photometric
analysis, we estimate an error in V −Ks for these targets
of 0.20.
19 APOGEE flags are detailed at http://www.sdss3.org/dr10/
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Figure 1. (A) and (B) The distribution of APOGEE targets in PM and RV. The PM offset is the total offset from the cluster mean PM of
(µα cos δ, µδ) = (−11.5,−9.5) mas yr
−1. The cut at 20 mas yr−1 is shown as a vertical dotted line. The RV cuts of −3 < RV < +4 km s−1
are shown as horizontal dotted lines. The RV values are the average of the RVs measured over all APOGEE epochs, except for the binary
systems, for which the RV values are the known systemic (γ) velocities. (C) The distribution of the lowest proper motion APOGEE targets
in proper motion space, using proper motion values from the PPMXL catalog (Roeser et al. 2010). The cut at 20 mas yr−1 from the
cluster mean proper motion (µα cos δ, µδ) = (−11.5,−9.5) mas yr
−1 is shown as a dotted circle. In all three frames, known cluster members
are indicated, binary cluster members (Mermilliod et al. 2008) are highlighted, and our new targets are shown. Rejected candidates are
addressed in the text and in Figure 4.
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Figure 2. The difference between APOGEE and CORAVEL
(Mermilliod et al. 2008) RV measurements for the set of 13 FGK
stars observed with both instruments, organized by Teff from AS-
CAP, or the best-fit RV template if the STAR BAD ASPCAP flag
is set. Known binary stars are excluded. The APOGEE RVs are
consistently higher than the CORAVEL RVs, with a mean offset
of 0.602 ± 0.116 km s−1.
The Coma Ber CMDs, presented in Figures 4 and 5,
show that 20 of the 26 RV + PM + log(g) selected targets
have photometry consistent with the DSEP or YY sin-
gle or binary isochrones and are therefore consistent with
Coma Ber membership. There is a substantial spread in
both the measured and model photometry for the red-
dest stars, but the Coma Ber low-mass stars fall within
the wide range predicted by the models. The remain-
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Figure 3. The tight relation between V −Ks and A−Ks for high-
probability Coma Ber members reported by Kraus & Hillenbrand
(2007), where A is the aperture magnitude from UCAC4. This re-
lation is used to estimate V −Ks for three stars without V magni-
tudes in UCAC4. One target (2MASS J12231356+2602185, target
ID 0) requires an extrapolation of the fit.
ing six stars we reject as candidate members because
they are much fainter than predicted by the isochrones.
The most highly discrepant Coma Ber members include
one known spectroscopic binary (Tr 120, target ID 11),
and one target (Tr 92, target ID 13) that is listed as a
Coma Ber member in Mermilliod et al. (2008) but not
in Kraus & Hillenbrand (2007). The APOGEE observa-
tions of Tr 92 show a slightly higher than average RV
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scatter (σRV = 1.15 km s
−1 and projected rotational ve-
locity (v sin i = 25.50 ± 5.20 km s−1, derived in Section
4.2), indicating possible multiplicity.
The DSEP and YY isochrones are consistent with the
known cluster members and have been shown in other
clusters to provide reasonable fits to the lower main se-
quence (Dotter et al. 2008; Spada et al. 2013). However,
they tend to predict different luminosities for a given
color in the lowest mass stars. The seven new low-mass
members and the new K/M dwarf binary presented here
fall within the wide range of luminosities predicted by
the DSEP and YY isochrones, and are well-distinguished
from the rejected candidate members. The APOGEE
spectra for these targets are shown in Figure 6. The sum-
mary of information for all cluster members is shown in
Table 1.
4. TARGET CHARACTERIZATION
In this section we describe further characterization
of the Coma Ber targets, including rotational velocities
derived from APOGEE spectra, secondary components
of binary cluster members, metallicities and luminosity
class verification using IRTF-SpeX medium-resolution
spectra, and photometric variability from Kilodegree Ex-
tremely Little Telescope (KELT) monitoring.
4.1. IRTF-SpeX: Metallicity and Luminosity Classes
On 2013May 24–26, we observed seven of the eight new
APOGEE low mass Coma Ber members with the IRTF-
SpeX spectrograph (Rayner et al. 2003). These observa-
tions provide independent confirmation of the luminos-
ity classes of these stars using extended spectral cover-
age and comparison with a library of stellar templates
(Rayner et al. 2009). We also measured metallicitoes for
these targets as a part of our IRTF M dwarf metallic-
ity determination program (Terrien et al. 2012b). As
described in Terrien et al. (2012b), we use an empirical
metallicity calibration of a small number of features in
the H and K bands to constrain metallicity for these
stars. The metallicity measurements for the APOGEE
Coma Ber targets, shown in Table 1, indicate that these
stars are of solar or slightly sub-solar metallicity. These
measurements are not by themselves strong constraints
on cluster membership, since most M dwarfs in the So-
lar neighborhood have similar metallicities. Nonetheless,
the metallicity measurements for the new Coma Ber M
dwarfs are in agreement with previous determinations of
[Fe/H] = −0.05 for Coma Ber (Cayrel de Strobel 1990;
Friel & Boesgaard 1992; Gratton 2000). The IRTF spec-
tra also allow verifications of the luminosity class of the
observed stars through comparison with the IRTF Spec-
tral Library (Rayner et al. 2009). These comparisons for
the H and K bands, which contain the gravity-sensitive
CO overtone bands, are shown in Figure 7, and also in-
dependently confirm that these stars are indeed dwarfs.
4.2. Rotational Velocities
We measured rotational velocities for all the Coma Ber
targets using the method outlined in Deshpande et al.
(2013). Briefly, this technique involves maximizing the
cross-correlation of a template spectrum with each epoch
of a given target. The template is chosen from a grid of
stellar models based on the outputs of the APOGEE re-
duction pipeline, which yield estimates of Teff , [Fe/H],
and log(g). The set of models is rotationally broadened
(with a range of kernels 3 km s−1 ≤ v sin i ≤ 100 km s−1)
and finally broadened according to the line spread func-
tion, which is also computed by the APOGEE pipeline.
Each model is then cross-correlated against the observed
spectrum, and the amplitude of the resulting correlation
peak serves as the goodness of fit metric. Maximizing
the correlation amplitude versus model v sin i gives the
optimal rotation velocity for each visit spectrum. The
output v sin i measurements are constrained to a preci-
sion of 2 km s−1 if there is only one visit, and are oth-
erwise computed as the spread in measured v sin i across
epochs (minimum 1 km s−1). In Table 1, we report v sin i
measurements with a floor of 4 km s−1. We do not use
this method to measure v sin i for the double-lined spec-
troscopic binaries, so in Table 1 we instead report an es-
timated v sin i value for the primary star that maximizes
the cross-correlation in our RV measurements.
4.3. KELT Photometry
The Coma Ber cluster was included in a field as part
of the northern Kilodegree Extremely Little Telescope
(KELT) survey, which is a wide-field photometric survey
that can obtain ≤ 1% relative photometry for stars in
the range of 8 < V < 11 mag and better than ∼10% for
stars brighter than V∼15 mag (Pepper et al. 2007, 2012).
The Coma Ber field has been observed by KELT-North
for more than six years. The present data set comprises
∼ 7000 images from December 2006 to June 2012. Pre-
cise relative photometry was measured using a custom
difference-imaging-analysis pipeline (Siverd et al. 2012;
Pepper et al. 2012, R. J. Siverd et al., in preparation).
All photometric data were processed in the normal KELT
pipeline, this includes outlier data rejection and red noise
trend filtering (Kova´cs et al. 2005).
In order to investigate photometric variability in Coma
Ber, we matched the 385 APOGEE survey targets in the
Coma Ber field with sources in the KELT database using
a search radius of 23′′ (i.e., one KELT pixel). For the re-
sulting 80 matched objects, we identified and measured
periodic variability in their light curves using a Lomb-
Scargle Periodogram (LSP) (Press & Rybicki 1989). The
significance of identified peaks in each LSP is tested by
using a Monte Carlo simulation of random permutations
of each light curve. We simulated 10000 random permu-
tations of each KELT light curve, randomizing the photo-
metric values while keeping the timestamps fixed. Apply-
ing the LSP to each simulated random light curve, we de-
termine the height distribution for the tallest peaks in the
LSP for these random light curves. We then compare the
height of the star’s LSP to this distribution to determine
its false-alarm probability (FAP). We consider stars with
significant periodic variability to have FAP ≤ 0.01, i.e.,
that each star’s LSP has a peak with a height that is only
seen per chance in less than 1% of the 10000 randomized
light curves. In Fig. 8, we show examples of this anal-
ysis for a Coma Ber cluster member. We then visually
inspected the KELT light curves and LSPs that passed
this FAP cut. Objects with spurious low-frequency sig-
nals and related aliases were dropped. Errors on the
measured periods were determined by calculating a 1σ
confidence level using the post mortem Schwarzenberg-
Czerny method (Schwarzenberg-Czerny 1991). Of the 80
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Figure 6. The combined normalized APOGEE spectra for each of the new low-mass stars in Coma Ber, including the new K/M binary.
The left, middle, and right panels correspond respectively to the blue, green, and red detector chips of APOGEE. The spectra are arranged
from bottom to top in order of decreasing effective temperature. The IDs are 2MASS IDs.
Table 1
Coma Berenices APOGEE Targets
Index 2MASS ID H RVa σRV Teff
b Krausc Merm. RVd Specc [Fe/H]e [Fe/H]e v sin i Notes
(km s−1) (km s−1) (K) Prob % (km s−1) Type IRTF-K IRTF-H (km s−1)
0 12231356+2602185 11.52 +2.84 0.17 3390 98.10 . . . M3.9 −0.15 −0.06 17.40± 3.30 New M Dwarf
1 12255421+2651387 11.39 +2.35 0.28 3428 97.30 . . . M2.7 +0.01 −0.03 4.40± 2.30 New M Dwarf
2 12242665+2545077 10.18 +2.54 0.27 3433 88.50 . . . M3.2 +0.06 +0.03 12.70± 2.50 New M Dwarf
3 12264027+2718434 11.90 +3.25 0.20 3440 98.30 . . . M2.8 . . . . . . 9.10± 1.90 New M Dwarf
4 12201448+2526072 11.70 +2.50 0.18 3480 97.80 . . . M2.5 +0.01 −0.06 8.10± 1.90 New M Dwarf
5 12250262+2642382 11.03 +1.20 0.43 3485 98.80 . . . M2.4 −0.01 −0.05 7.20± 1.80 New M Dwarf
6 12214070+2707510 10.12 −0.17 0.34 3582 . . . . . . . . . −0.11 −0.12 14.00g New K Dwarf;SB2
7 12241121+2653166 10.27 +0.70 0.31 3699 . . . . . . . . . −0.13 −0.06 9.70± 1.20 New K Dwarf
8 12265103+2616018 9.27 +0.27 0.13 4356 87.10 −0.69 K4.8 . . . . . . 8.00± 1.00 Arty 537
9 12232820+2553400 9.35 −0.07 0.18 4370 95.90 −0.20 K4.1 . . . . . . 6.80± 1.00 Arty 278
10 12211561+2609140 9.09 +0.47 0.15 4663 94.40 −0.01 K3.5 . . . . . . 7.50± 1.40 CJD 17
11 12260547+2644385 7.69 +6.23 7.22 4864 93.20 +1.03 K1.6 . . . . . . 10.00g Tr 120;SB2
12 12285643+2632573 8.77 +1.00 0.33 4932 92.30 +0.83 K5.3 . . . . . . 5.10± 1.00 Ta 20
13 12223138+2549424 7.15 +0.85 1.15 5789f . . . −0.23 . . . . . . . . . 25.50± 5.20 Tr 92
14 12230840+2551049 7.76 −21.35 30.89 6022f 100.00 −0.23 F9.7 . . . . . . 13.50± 1.60 Tr 97;SB1
15 12234182+2636054 7.79 +12.30 4.21 6156f 100.00 +0.18 G5.5 . . . . . . < 4.00g Tr 102;SB2
16 12204557+2545572 7.74 −0.47 0.15 6225f 99.40 −0.75 F7.8 . . . . . . 4.90± 1.90 Tr 76
17 12215616+2718342 7.40 +0.82 0.17 6351f 99.90 −0.77 F4.2 . . . . . . 16.00± 1.60 Tr 86
18 12255195+2646359 7.30 +0.83 0.10 6650f 100.00 +0.27 F2.5 . . . . . . 14.00± 1.00 Tr 118
19 12234101+2658478 7.33 +0.94 0.21 6662f 100.00 −0.17 F3.0 . . . . . . 23.40± 1.70 Tr 101
a RV from SDSS-III DR10 public release.
b Teff estimated from empirical V − Ks - Teff relation from Boyajian et al. (2012) with [Fe/H] = 0. The median absolute deviation for this fit
reported by Boyajian et al. (2012) is 49K, and we estimate the uncertainty in V −Ks to be ∼ 0.05, corresponding to ∼ 100 − 140 K.
c Membership probability and spectral type are based on SED fitting from Kraus & Hillenbrand (2007). Kraus & Hillenbrand (2007) estimate the
upper limit on the uncertainty in the spectral type to be three subclasses for stars from A0-G0 and 1 subclass for stars from G0-M6.
d Radial velocity from Mermilliod et al. (2008).
e The metallicity calibration uncertainty is ±0.12 dex.
f
V −Ks is outside the well-calibrated range of Boyajian et al. (2012) (2 < V −Ks < 5), so indicative temperatures from ASPCAP are shown. The
estimated uncertainty for ASPCAP temperatures is ∼ 150 K, based on internal scatter (Me´sza´ros et al. 2013).
g The v sin i values for the spectroscopic binaries are estimated from template optimization during orbital fitting and are only indicative.
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Table 2
Measured Periodicity from KELT Light Curves
Indexa 2MASS KELT V Period
ID ID [d]
8 12265103+2616018 03613 11.73 11.78±0.0854
9 12232820+2553400 10817 10.51 11.80±0.0273
10 12211561+2609140 02618 11.48 1.098±0.0005
11 12260547+2644385 01524 9.79 8.810±0.0276
12 12285643+2632573 04278 10.78 9.483±0.0281
14 12230840+2551049 04561 9.09 3.053±0.0017
16 12204557+2545572 03898 9.00 5.925±0.0159
17 12215616+2718342 04083 8.50 2.770±0.0016
. . . 12281397+2715328 05415 11.42 5.595±0.0062
. . . 12245934+2540105 08031 10.21 0.590±0.0001
. . . 12313367+2552132 12649 7.88 0.854±0.0001
a This index is defined in Table 1.
total APOGEE targets in the Coma Ber field with KELT
light curves, we find that 11 stars have significant pho-
tometric variability based on their LSPs (see Table 2).
Eight of these 11 variable sources are Coma Ber mem-
bers. These stars extend from F to mid-K spectral types
and have periods from ∼1–10 days. The variability seen
in these cluster stars is thought to be due to photospheric
heterogeneities, such as magnetically induced starspots,
therefore, the periods determined for these stars are mea-
surements of their rotation rates. The measurable pho-
tometric variability and rotation rates in these targets
and the short rotation periods (P< 12 d) suggests that
they are relatively young, bolstering further the already
high confidence of their membership in the young Coma
Ber cluster.
Collier Cameron et al. (2009) published an extensive
study into the angular momentum distribution of the
Coma Ber cluster using rotation periods determined
from the SuperWASP survey. We found two of the
cluster members with KELT rotation periods were also
in this study. We find a similar period for 2MASS
J12265103+2616018 in the KELT data (P=11.78 d) as
Collier Cameron et al. finds in the SuperWASP light
curve (P=11.77 d), confirming the rotation period of this
cluster member. And for 2MASS J12285643+2632573,
we find a period (P=9.48 d) nearly twice that reported
from the SuperWASP data for their 2004 observing sea-
sons, but in agreement with their 2007 season data.
Collier Cameron et al. states that their 2004 period for
this star was suspected to be half the true period as a re-
sult of the star having two dominant starspot groups on
opposing stellar hemispheres. Our period for this star is
measured with more data points and over a much longer
time baseline (∼7000 images over ∼ 6 years) and is thus
less likely to be affected by short-timescale variation of
the variability. This provides further evidence for the ef-
fect of period-halving due to symmetric starspot groups
on this star.
In addition, we also closely inspected the KELT light
curves and LSPs of the three identified binary cluster
systems (Tr 97, Tr 102, and Tr 120) looking for pho-
tometric variability near the orbital period of the sys-
tems. Tr 97, a tight binary, shows significant periodic-
ity at P=3.05 d (Figure 9), very near its orbital period
(3.02 d, Mermilliod et al. 2008), indicative of a tidally
synchronized orbital system. The two wider systems,
Tr 102 and Tr 120, also show some level of periodicity
in their light curves at their longer orbital periods (P=
48.03078±0.00036 d and 294.785±0.031 d, respectively),
but at lower significance. Tidal interactions are not pre-
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Figure 8. Example KELT light curve analysis for one Coma Ber
cluster member. Top: Full KELT light curve with brightness of star
plotted in relative KELT RK instrumental magnitude. Color scale
is relative to the date of observation given in MJD (JD−2400000 d).
Middle: Lomb-Scargle periodogram for the KELT light curve. The
power at a false alarm probability of 0.1% is shown as a red hor-
izontal line, and the tallest peak is indicated by the green arrow.
Bottom: KELT light curve phased to the peak period in the peri-
odogram (P=5.925 d). Color scale is the same as in the top panel.
dicted to be strong at these wider binary separations,
and a search for eclipse-like variability did not return any
conclusive results. Thus, we currently cannot definitively
infer the source of this periodic variability.
4.4. Binary Cluster Members
Three previously known binary members of Coma Ber
were observed by APOGEE (Tr 97, Tr 102, and Tr
120), and one new binary member was discovered as
well (2MASS 12214070+2707510). Each of these targets
has three epochs of observation. The primary compo-
nents of the three known spectroscopic binary systems
have been monitored for many years with the CORAVEL
spectrograph (Mermilliod et al. 2008), but the secon-
daries have not previously been directly detected. We
applied the TODCOR algorithm (Zucker & Mazeh 1994)
to attempt to detect these secondary components. The
two-dimensional cross-correlation TODCOR algorithm
simultaneously cross-correlates two stellar templates
against the observed target blended spectrum and dis-
entangles the stellar RVs of the two components with a
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Figure 9. The periodogram (top) and phased KELT light curve
(bottom) for Tr 98, the one spectroscopic binary in Coma Ber with
unambiguous periodicity detected by KELT. The green arrow on
the periodogram indicates the known orbital period of the system
(3.02 d), and the power at a FAP=0.1% is shown as a red horizontal
line. The KELT light curve is phased to the orbital period, and
over plotted in black symbols are the binned light curve values
calculated using 20 equal size phase-bins.
maximum likelihood analysis (Zucker 2003). TODCOR
also derives a flux ratio for the system. Details concern-
ing the implementation of the analysis can be found in
Bender et al. (2012). In each case below, we use as stel-
lar templates the solar metallicity BT Settl model spec-
tra (Allard et al. 2012) at the resolution and sampling of
APOGEE. We successfully detected the secondary spec-
trum in Tr 102 and Tr 120, as well as the new binary
2MASS J12214070+2707510. The RVs measured from
the APOGEE spectra for these target are listed in Ta-
ble 3. We note that during the first epoch of Tr 120,
both components are near the systemic velocity. The
two cross-correlation peaks cross-contaminate and fits to
these peaks yield large RV uncertainties for both com-
ponents. We did not detect the secondary component of
Tr 97.
Our TODCOR analysis does detect the secondary
components of Tr 102 (2MASS J12234182+2636054, Tar-
get #12), Tr 120 (2MASS J12260547+2644385, Target #
9), and 2MASS J12214070+2707510 (Target #6). In Ta-
ble 4 we present the stellar template Teff , log(g), v sin i,
and flux ratio values that optimized the cross-correlation
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Table 3
Coma Berenices Spectroscopic Binary RV Measurements
BJD RVA σRV,A RVB σRV,B
(km s−1) (km s−1) (km s−1) (km s−1)
2MASS J12234182+2636054 (Tr 102)
2455939.956710 15.88 0.19 −27.99 0.43
2455991.772350 14.97 0.19 −25.72 0.46
2455999.796990 8.14 0.12 −15.13 0.47
2MASS J12260547+2644385 (Tr 120)
2455940.927860 −3.58 0.46 13.23 0.94
2455998.760300 11.50 0.17 −17.79 0.44
2456018.735160 10.92 0.17 −17.79 0.39
2MASS J12214070+2707510
2455940.927860 −1.47 0.23 2.25 0.25
2455998.760300 12.44 0.19 −12.79 0.14
2456018.735160 −9.40 0.22 12.64 0.15
in the TODCOR analysis. For each system, broadening
the secondary spectrum with a rotational velocity did
not improve the cross-correlation, and for Tr 102 broad-
ening the primary spectrum did not improve the cross-
correlation either.
We then used the RVLIN orbit fitting code
(Wright & Howard 2009) on the combined
Mermilliod et al. (2008) and APOGEE RV points
to measure the orbital parameters, mass functions,
and mass ratio for Tr 102 and Tr 120. These values
are shown in Table 5, and the RV curves are shown
in Figure 10. These values are generally consistent
with those presented in (Mermilliod et al. 2008). For
both systems we take advantage of the 30-year baseline
covered by the (Mermilliod et al. 2008) and APOGEE
datasets to provide updated periods and times of
periastron passage. For the previously unknown binary
system, 2MASS J12214070+2707510, we had only three
APOGEE epochs, from which we derived a mass ratio
and systemic (γ) velocity using the technique presented
in Wilson (1941). For this system, due to the small
number of epochs, the determination of the systemic
(γ) velocity and cluster membership confirmation were
only possible because the system was resolved as a
double-lined spectroscopic binary system.
We also note that the low-mass target 2MASS
J12242665+2545077 (target ID 2) is more than a magni-
tude brighter than the isochrones in Figure 4, suggesting
a possible binary. The APOGEE data for this target
show marginal trends in both RV and v sin i, however
both are also consistent with the observational uncer-
tainty. Further RV followup beyond the existing ∼ 80 d
baseline for this target could confirm or refute its possible
binary nature.
5. RESULTS
Our combined PM, RV, log(g), and photometric cri-
teria yield 20 Coma Ber members, four of which are bi-
nary members with γ velocities that confirm their cluster
membership. The details of each target are shown in Ta-
ble 1. Of these 20 stars, 17 have been established as high
probability cluster members through photometric and
PM studies (Kraus & Hillenbrand 2007; Casewell et al.
2006), and 12 have existing RV measurements that con-
firm their membership in Coma Ber (Trumpler 1938;
Mermilliod et al. 2008). We therefore confirm the mem-
bership of eight new stars in Coma Ber, including two
previously not suspected to be Coma Ber members at
all.
The six M dwarfs in this set are among those presented
by Kraus & Hillenbrand (2007) as high probability can-
didates, based on an extensive PM and spectral energy
distribution (SED) fitting analysis. Their APOGEE RV
measurements fall within the −3 < RV < 4 km s−1 lim-
its we established. These are the first confirmed M dwarf
members of Coma Ber.
We also detect for the first time the low-mass sec-
ondary components of Tr 102 and Tr 120, previously
known single-lined spectroscopic binaries in Coma Ber.
For Tr 102, which has a primary spectral type of G0V
(Mermilliod et al. 2008), our measured mass ratio of
0.55 ± 0.01 indicates that the secondary component is
likely a late K or early M dwarf. For Tr 120, the primary
spectral type of K1V and a mass ratio of 0.60±0.02 sim-
ilarly indicates an M dwarf secondary component. The
new spectroscopic binary 2MASS J12214070+2707510
appears to be another low mass system, with a mass
ratio of 0.87 ± 0.01. These three double-lined spectro-
scopic binary systems more than double the number of
such systems known in Coma Ber, after Tr 48 and Tr
150.
These new low-mass members of Coma Ber begin to
populate the lower main-sequence for this cluster, and
will provide important constraints for models of the clus-
ter’s dynamical history and mass function. Studies of
other clusters have revealed the evolution of their low-
mass populations (Bouvier et al. 2008; Wang et al. 2011;
Boudreault et al. 2012). Studies of the low-mass popula-
tion of Coma Ber have suggested that it has not yet been
stripped of its low-mass members (Kraus & Hillenbrand
2007). However these studies have relied on PM and pho-
tometry to identify low-mass members and have there-
fore suffered from contamination and incompleteness. A
survey of the remaining candidate targets, possibly with
APOGEE, would provide a well-constrained membership
list with which to derive a cluster mass function.
Moreover, as cluster members, the constrained age and
composition of these new M dwarfs in Coma Ber will be
useful for studies of low-mass stellar properties generally
(e.g. Mamajek et al. 2013). If one of the Coma Ber sys-
tems with a low mass component is shown to be eclips-
ing, the stellar mass and radius measurements for this
system would be a powerful test case for models of low-
mass stellar radii. These models have difficulty repro-
ducing the measured radii of these fully-convective low-
mass stars (e.g. Feiden & Chaboyer 2012; Boyajian et al.
2012). The known age and metallicity of the cluster are
crucial for breaking degeneracies in the stellar models
(e.g. Terrien et al. 2012a).
Due to the limited number of targets and the small
radius of the APOGEE field compared to the radius of
Coma Ber, these low-mass stars likely represent only a
fraction of the low-mass stars in Coma Ber. New studies,
possibly with APOGEE, that can confirm or refute the
membership of all candidate members within the entire
area of Coma Ber could achieve the necessary complete-
ness to gain leverage on models of the stellar population.
Due to the proximity and young age of Coma Ber,
these M dwarf members may also be important targets
for planet searches. Recent studies (Meibom et al. 2013)
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Table 4
Coma Berenices Spectroscopic Binary RV Fit Parameters
2MASS ID Teff,A Teff,B log(gA) log(gB) v sin iA FB/FA Notes
(K) (K) log(cm s−2) log(cm s−2) (km s−1)
12234182+2636054 5500 3800 4.5 5.0 < 4 0.20 Tr 102
12260547+2644385 4600 3500 4.5 5.0 10 0.20 Tr 120
12214070+2707510 3800 3600 4.5 4.5 14 0.98 . . .
Table 5
Coma Berenices Spectroscopic Binary Orbital Parameters for Objects Detected as
SB2
Parameter 12234182+2636054a 12260547+2644385a 12214070+2707510a
(Tr 102) (Tr 120)
P (d) 48.03058 ± 0.00041 294.78 ± 0.03 . . .
T0 (HJD) 2455774.964 ± 0.08 2455933.64 ± 0.51 . . .
γ (km s−1) 0.24± 0.04 1.13 ± 0.15 0.66± 0.08
e 0.44987 ± 0.00265 0.323± 0.016 . . .
ω (◦) 194.14 ± 0.15 245.50 ± 0.74 . . .
K1 (km s−1) 27.75 ± 0.12 13.78 ± 0.22 . . .
K2 (km s−1) 50.32 ± 0.57 22.90 ± 0.73 . . .
MA sin
3 i (M⊙) 1.087± 0.029 0.798± 0.060 . . .
MB sin
3 i (M⊙) 0.600± 0.010 0.480± 0.025 . . .
MB/MA 0.55± 0.01 0.60 ± 0.02 0.87± 0.01
a 2MASS ID
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Figure 10. RV vs Orbital Phase for Tr 102 A & B (left) and Tr 120 A & B (right). Upper Panels: Filled circles and squares are the
APOGEE derived VA and VB, respectively. Open circles show VA from Mermilliod et al. (2008) that are offset to the APOGEE reference
frame. Lower panels: Observed – calculated residuals for the primaries and secondaries, respectively.
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have suggested that small planets can form and survive
in clusters, and planets in the relatively young Coma
Ber cluster (Kharchenko et al. 2005) may be in a stage
of evolution corresponding to the Hadean Eon for Earth.
The encouraging statistics of planets around M dwarfs
fromKepler (Dressing & Charbonneau 2013; Kopparapu
2013) suggests that the M dwarfs in Coma Ber could host
planets in the Habitable Zone with larger RV and tran-
sit signatures than planets around FGK stars, potentially
providing an important probe into planetary systems in
the earliest stages of their evolution. Lloyd et al. (2013)
have outlined the advantages of a photometric survey
designed to detect Jupiters around young stars, and the
relative proximity of the Coma Ber open cluster puts our
new K and M dwarf cluster members well within reach
of planned photometric missions like TESS (Ricker et al.
2010).
6. CONCLUSION
Using APOGEE RVs, we confirm the discovery of the
first low-mass members of the Coma Berenices cluster.
This list includes the first six confirmed M dwarf mem-
bers of Coma Berenices, which extends the list of con-
firmed members towards the bottom of the main se-
quence. We have used the APOGEE high-resolution
H-band spectra to estimate v sin i values for these M
dwarfs and the other members of Coma Berenices ob-
served by APOGEE, and to detect for the first time the
secondary components of the spectroscopic binaries Tr
102 and Tr 120. We also discover a new double lined
spectroscopic binary system in Coma Berenices, 2MASS
J12214070+2707510. We have obtained R ∼ 2000 spec-
tra from IRTF-SpeX that confirm the luminosity classes
of seven of eight of the new low-mass Coma Ber mem-
bers, and also indicate that their metallicities are ap-
proximately solar, in agreement with prior measurements
of the cluster metallicity. Using KELT light curves, we
find significant periodic photometric variability in eight
higher-mass cluster members, which suggests their youth
and allows us to measure rotational periods. This study
demonstrates the power of the multiplexed APOGEE
spectrograph for constraining cluster membership for
late-type stars.
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